Taking into account spin-spin (SS), spin-other-orbit (SOO), and orbit-orbit (OO) interactions in addition to general spin-orbit (SO) interactions, the local structures of Ni 2+ in CsMgX 3 (X = Cl, Br, I) are theoretically investigated by using the complete diagonalization method (CDM). On this basis, it is found that the local angles, at the Ni 2+ centres are larger than those, at the hosts. The contributions to the spin-Hamiltonian parameters from spin triplets and slight magnetic interactions are discussed.
Introduction
Electron paramagnetic resonance (EPR) spectra and optical spectra of CsMgX 3 (X = Cl, Br, I) crystals doped with transition metal (TM) ions have been extensively investigated experimentally and theoretically [1 -13] . As known, the microscopic spinHamiltonian (MSH) theory has been extensively used in the area of the EPR of transition ions [14 -17] . The MSH theory enables to correlate optical spectroscopy and structural data with the spin-Hamiltonian (SH) parameters extracted from the EPR spectra. Hence, the MSH studies of transition metal ions in crystals can provide a great deal of microscopic insight concerning the crystal structure, structural disorder, phase transitions and pressure behaviour as well as the observed magnetic and spectroscopic properties [17] . To study these properties, using the perturbation method (PTM), Pereosyan and Mirzakhanyan [18] , Shang et al. [19] , and Huang [20] obtained a high-order perturbation formula for the SH parameters of d 8 ions at trigonal symmetry, including spin-orbit (SO) interaction only. The accuracy of the approximate PTM developed by Pereosyan and Mirzakhanyan has been checked in [17] by using the complete diagonalization method (CDM). This investigation indicated that the PTM formulas for the g-factors indeed work well, whereas the PTM formula for zero-field splitting (ZFS) of the ground 3 A 2 state exhibits serious shortcomings. Recently, a more complete diagonalization method has been de-0932-0784 / 08 / 0300-0188 $ 06.00 c 2008 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com veloped by Hao and Yang [21] . In this CDM, some slight magnetic interactions, omitted in previous work, including spin-spin (SS), spin-other-orbit (SOO), and orbit-orbit (OO) interactions were considered. In the present paper, by taking into account SS, SOO, and OO interactions, the local structure and SH parameters of Ni 2+ ions in CsMgX 3 (X = Cl, Br, I) are investigated, and the contributions to the spin-Hamiltonian from spin triplets and slight magnetic interactions are discussed, respectively.
Theory
In the crystal-field (CF) framework, the total Hamiltonian can be written as [21, 22] 
where H ee represents the Coulomb interactions, H CF represents CF interactions, and H M represents magnetic interactions. In addition to the magnetic spin-orbit interaction parameterized by ξ , slight magnetic interactions including SS, SOO, and OO interactions parameterized by the Marvin integrals [23, 24] , M 0 and M 2 , are included [25 -28] :
The CF Hamiltonian for trigonal symmetry in the Wybourne notation [14, 28, 29] is given as [21, 22, 30 ]
where B kq are the CF parameters and B 43 = −B [14, 29] , taking into account the ZFS and Zeeman terms [14, 15, 29] , can be written as [17] 
with the z-axis along the [111] direction. The ZFS parameter D is the splitting of a spin doublet and spin singlet for trigonal symmetry, and is given by
The expressions for the Zeeman g-factors are given as [34] 
where k is the orbital reduction factor and g s is the freespin g-value of 2.0023. |ψ 0 and |ψ ±1 are the eigenfunctions of the ground 3 A 2 state obtained by complete diagonalization of the three 15 × 15 matrices in the form of linear combinations of the basis LS states as [25, 35, 36] 
Equations (5) - (7) have been built in our CDM/MSH program. For taking into account SS, SOO, and OO interactions, the present program can provide a more accurate determination of the SH parameters.
Local Structure and SH Parameters of Ni 2+ Ions in CsMgX 3
In CsMgX 3 crystals, the Mg 2+ ion is in the local symmetry D 3d with the threefold symmetry axis coincident with the crystallographic c-axis [1, 2] . When Ni 2+ ions are doped into CsMgX 3 crystals, Ni 2+ will replace Mg 2+ ions, and occupy the D 3d site. The Mg-X bonding lengths are R 0 = 0.2496 nm, 0.2662 nm, and 0.2899 nm, and the bonding angles are θ 0 = 51.73 • , 52.44 • , and 52.89 • for X = Cl, Br, and I, respectively. Because of the difference between the ionic radii of impurities Ni 2+ and hosts Mg 2+ , the local structure will change.
To study the local structure of Ni 2+ in CsMgX 3 (X = Cl, Br, I), the relation between the lattice structure and CF parameters, using the superposition model [37, 38] , can be established as [40] , and ∆θ describes the local distortion.
In our calculations we take the following spectral parameters of Ni 2+ ions in CsMgX 3 (X = Cl, Br, I): B = 828 cm −1 , 765 cm −1 , 750 cm −1 , and C = 3206 cm −1 , 2958 cm −1 , 2800 cm −1 for the Racah parameters, Dq = 695 cm −1 , 655 cm −1 , 650 cm −1 for the cubic CF parameters [3, 4, 13] , and k = 0.8317, 0.7656, 0.6368 for the orbital reduction factors, and the spin-orbit coupling parameter ξ = kξ 0 with ξ 0 = 668 cm −1 [5] . Marvin's radial integrals [23, 24] M 0 and M 2 can be obtained by the relations [22] The meaning of the symbols is the same as in Table 1 . The meaning of the symbols is the same as in Table 1 .
Hamiltonian parameters. The results indicate also that the distortion model, which we used, is reasonable.
Discussion and Conclusion
To study the contributions to the SH parameters from various magnetic interactions, we calculate the SH parameters in the following cases: (i) considering with SO interaction only, the results are listed in column (A) of Tables 1 -3 Tables 1 -3 . In [41] it is referred that there exists an SO-SS-SOO combined mechanism, which is defined as [41] 
The SH parameters due to an SO-SS-SOO combined mechanism are calculated, and the results are listed in column (D) of Tables 1 -3 . At the same time, we calculated these data in the two cases of considering spin triplets only and considering all the 45 microscopic terms. The results are shown in Tables 1 -3 as row I  and row II.  From Tables 1 -3 one can see that the contribution to the SH parameters (including the ZFS parameter D and g-factors) from the SO mechanism is the most important one, where the contribution from triplets is dominant. There are no contributions to the ZFS due to the SS mechanism from spin singlet. That is, the ZFS from the SS mechanism depends on the spin triplets only. In the contributions to the ZFS due to the SOO mechanism and SO-SS-SOO combined mechanism, the contribution from spin triplets is dominant. For gfactors, it is found that there is almost no contribution from the SS and OO mechanism. The SOO mechanism has small influence on g-factors, in which the contribution from the spin singlet is almost zero. The SO-SS-SOO combined mechanism has slight influence on g-factors, in which the contribution from the spin singlet is slight. It is also found that in the CsMgX 3 :Ni 2+ system, the following relationships hold:
|g ⊥SO 
In order to illustrate the contributions to SH parameters from magnetic coupling mechanisms, including SO, SS, SOO, SO-SS-SOO, and OO mechanisms, it is convenient to define the percentage ratios η γ = 100 χ γ χ Total %, (21) in which γ represents the SO mechanism, SS mechanism, SOO mechanism, or SO-SS-SOO combined mechanism, and χ = D, ∆g , ∆g ⊥ , or ∆g, and η OO = 100 χ Total − χ SO+SS+SOO χ Total %
for the OO mechanism. The calculated results are listed in Table 4 . The calculated results show that the contributions to the ZFS parameter D from SS, SOO, and OO interactions are about 5 -6% in the CsMgX 3 :Ni 2+ system and those to the g-factors are less than 2%. It is found that the contributions to the SH parameters from slight magnetic interactions follow the order CsMgCl 3 :Ni 2+ > CsMgBr 3 :Ni 2+ > CsMgI 3 :Ni 2+ . It is interesting that the contributions to ∆g and ∆g ⊥ from slight magnetic interactions are almost the same.
